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Horse spleen ferritin, a spherical protein shell of 24 subunits, contains no haem when extracted. This contrasts with ferritins isolated from bacterial 
sources which have the capacity to bind up to 24 haem groups [(1990) FEBS Lett. 271, 141-1431 via two methionine residues [(1990) Nature 341, 
7711. Here it is shown that horse spleen ferritin can bind between 15 and 17 haems per 24 subunits with an apparent association constant of 2.2- 
3.2 x 104 M-l. The strength of haem binding appears to be unaffected either by the presence of the core or by the oxidation state of the haem. 
The demonstration of the ability of animal ferritin to bind haem strengthens the similarity between it and bacterioferritin and could have major 
consequences for its mechanism of action in physiological iron uptake and release processes. 
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1. INTRODUCTION 
The iron-storage protein of animals, ferritin, and its 
bacterial equivalent, bacterioferritin or bacfer, resem- 
ble each other in consisting of 24 subunits, of molecular 
mass 18 000-24 000, that pack together to form a 
roughly spherical protein shell of - 20 A thickness sur- 
rounding a cavity of - 80 A diameter [ 1,2]. The non- 
haem iron-storage mineral is contained in the central 
cavity. A major difference between the two proteins as 
isolated is that bacfer contains non-covalently bound 
haem-b whilst animal ferritin does not [l-3]. This is the 
origin of the alternative names for bacfer of 
cytochrome bi and cytochroma b557 [3-51. The haem 
content of bacfer as isolated is variable: for example, 
Azotobacter vinelandii bacfer contains 12 haems per 24 
subunits [3], whereas Pseudomonas aeruginosa bacfer 
contains 5-9 haems per 24 subunits ([5], and unpublish- 
ed data). Recently it has been shown that the addition 
of haemin chloride to Pseudomonas aeruginosa bacfer 
results in the haem content of this protein rising to 24 
haems per 24 subunits [6]. Stimulated by this result we 
have investigated the binding of haem to horse spleen 
ferritin and in the present paper we report that this pro- 
tein can accommodate 15-17 haems per 24 subunits. 
from Sigma Chemical Co. (Poole, Dorset, UK). Its average content of 
Fe3+ determined by atomic absorption spectroscopy was 0.125 mg 
metal/mg protein, or - 1100 Fe3 + ions per ferritin molecule. Haemin 
chloride and sodium dithionite were obtained from Sigma Chemical 
Co. All spectra were measured with an Hitachi 557 double-beam spec- 
trophotometer or Hitachi U-2000 spectrophotometer. Protein con- 
centrations were determined by the method of Lowry et al. 181. 
Two forms of horse ferritin have been studied: the protein as pur- 
chased (apo-holo horse ferritin) containing the non-haem iron core, 
and protein (apo-apo horse ferritin) from which the non-haem iron 
core had been removed. The latter was prepared by dialysis of the 
apo-holo protein against 0.12 M thioglycollic acid at pH 4.25 and 
4”C, followed by dialysis against 0.025 M sodium phosphate buffer 
containing 0.15 M sodium chloride, pH 7.4, to remove excess 
thioglycollic acid and the Fe2 + containing species. 
The experimental procedure [6] used to monitor incorporation of 
haem into ferritin involved the measurement of difference visible 
spectra. The sample cuvette contained 0.7 ml of a solution of 
- 6 x 10 - 6 M ferritin in the required buffer and the reference cuvette 
contained only buffer. Aliquots of a freshly prepared 1.5 x 10e3 M 
solution of haemin chloride in water were added to both the cuvettes 
and the absorbance measured over the wavelength range 350-650 nm 
15 min after mixing. The final solutions from each titration were kept 
for up to 7 days and their absorbance spectra recorded with buffer on- 
ly in the reference cuvette. 
3. RESULTS AND DISCUSSION 
2. MATERIALS AND METHODS 
Horse spleen ferritin prepared by the normal procedure involving 
heat treatment and ultracentrifugation [7] was obtained as a solution 
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A typical set of spectra for the addition of haemin 
chloride to anaerobic apoferritin at pH 8.5 and in the 
presence of sodium dithionite is shown in Fig. 1A. With 
increasing concentration of haemin chloride positive 
bands appear in the difference spectrum at wavelengths 
of 424 nm, 528 nm and 557 nm. These bands arise from 
protein-bound haem. A plot of the absorbance at 424 
nm versus the haem/ferritin molar concentration ratio 
is hyperbolic (Fig. 1A; inset) and shows that - 16 haems 
are bound to 24 subunits with an apparent association 
constant (ZQ of 2.6 x lo4 M - ‘. Similar results were ob- 
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Fig. 1. UV-visible difference spectra for the interaction of haemin 
chloride with 6.25x 10m6 M horse spleen apoferritin (A) and 
3.25 x 10 -6 M horse spleen holoferritin (- 1100 atoms Fe per 
molecule) (B) in the presence of sodium dithionite. Both experiments 
were at pH 8.5 (0.1 M phosphate), and carried out in a cuvette sealed 
under N2 with a rubber bung. Aliquots of a freshly prepared 1.5 x 
lo- ’ M solution of haemin chloride were added with a syringe. The 
difference spectra correspond to successive 5 x low3 ml additions of 
the haemin chloride solution. The inset graphs show the change in ab- 
sorbance at 424 nm with increasing [haem]/[protein] for successive 10 
x lo-’ ml additions of the haemin chloride solution. The maximum 
absorbance corresponds to full binding of haem to ferritin. The 
stoichiometry of the binding is indicated by the intersection of the 
broken lines. The values for Ka and stoichiometry given in the text 
were obtained from Hill plots. The rising baseline in (B) is due to ab- 
sorbance by the non-haem iron core. 
rained with anaerobic holoferritin in the presence of 
sodium dithionite at pH 8.5 (Fig. 1B); the 
haem/subunit ratio was 17:24 with a Ka of 2.3 x IO4 
M - I. Analogous results were obtained with apoferritin 
and holoferritin under reducing condition at pH 6.1. 
Corresponding experiments with apoferritin (Fig. 2) 
and holoferritin under oxidising conditions yielded 
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Fig. 2. UV-visible difference spectra and binding curve for the interac- 
tion of haemin chloride with 1.5 x 10v6 M horse spleen apoferritin 
under air at pH 6.1 (0.1 M phosphate). Each difference spectrum cor- 
responds to successive 2.5 x 10e3 ml additions of the 1.5 x lo- 3 M 
haemin chloride solution (other details as given in the caption to Fig. 
1). The rising baseline in the spectra is a result of slight turbidity of 
the apoferritin solution. 
essentially the same results as described above, though 
the appearance of the spectra was different because the 
haem iron was in the ferric state. Haem was bound by 
ferritin in a haem/subunit ratio of 15-17:24 and with a 
Ka of 2.2-3.2x lo4 M-l. Thus the strength of haem 
binding appears to be unaffected by the presence of the 
core and by the oxidation state of the haem. 
The UV-visible spectrum of the haem-loaded apofer- 
ritin with buffer in the reference cuvette is shown in Fig. 
3. The absorbance bands have wavelength maxima of 
414 nm, - 530 nm and - 640 nm (oxidised), and 424 
nm, 528 nm and 557 nm (reduced). The spectrum of the 
oxidised protein shows that there is some high-spin 
character, the band at - 640 nm is diagnostic of this [9], 
but the appearance of the spectrum of the reduced pro- 
tein indicates that, in this state, the haem iron is low- 
spin, and therefore has two strong-field axial ligands. 
The identity of these ligands cannot be obtained from 
the experiments described in the present paper. 
However, sitice there are only four amino acids with 
side chains that have ligand field strengths ufficient to 
generate the low-spin rate of haem [lo], namely, 
histidine, lysine, methionine and cysteine, we suggest 
that the two axial ligands are from this group. Magneto- 
optical spectra of the type used to show the haem of 
bacfer is coordinated by two methionines are needed 
for the ligand assignment [IO]. 
The haem binding by ferritin illustrated by Figs 1 and 
2 is not stoichiometric with the number of subunits. 
This is most probably a resuit of subunit heterogeneity 
with only 15-17 subunits having a haem binding site. 
SDS-PAGE gels of the ferritin used in this work reveal- 
ed only one band, consistent with previous work show- 
ing that horse spleen ferritin is composed largely of L- 
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Fig. 3. UV-visible spectra of haem-loaded 0.2 x 10m6 M horse spleen 
apoferritin at pH 6.1 (0.1 M phosphate) and at a [haem]/[protein 
subunit] ratio of 16:24. The solid line is the spectrum of the oxidized 
form and the broken line the spectrum of the dit~ionite-reduced form. 
subunits [ 111. However, different L-subunits are known 
to exist and these are not separated by SDS-PAGE 
12,121, Also, a small proportion of H-subunits may not 
have been resolved by our gels. Therefore we suggest 
that it is normal L-subunits that bind haem. 
The apparent association constants measured in Figs 
1 and 2 are comparable to those for haern binding to 
bacfer: at 0.7-1.4x lo4 M-’ the bacfer data [6] show 
that haem binding in this protein is slightiy weaker than 
in the horse ferritin. This, together with the fact that 
haem binding to horse ferritin occurs relatively rapidly 
to generate a b&ligated haem, indicates that there is a 
preformed haem binding site in the protein coat of fer- 
ritin. Thus we propose that ferritin contains a specific 
haem binding site. We discount the alternative explana- 
tion of adventitious binding of haem since we know of 
no other protein which binds haem non-specifically to 
generate the kind of protein-bound haem observed in 
the present work. For example, haem bound to 
hemopexin is low-spin whilst haem bound to serum 
albumin is high-spin (I 31. In the former protein a site 
providing for bis-histidine axial ligation exists on the 
protein whilst in the latter case the iron does not appear 
to be ligated by the protein [ 141. The physiological func- 
tion of haem binding to these proteins has been in- 
vestigated. Hemopexin aids haem transport in blood 
and receptor-mediated uptake of haem into cells 
fl5,16], whilst albumin binds haem less strong& than 
does hemopexin [ 17] and appears to act as an adven- 
titious haem scavenger in blood. Haem is readily 
transferred from albumin to hemopexin [17]. 
If ferritin contained haem in vivo the similarity be- 
tween it and bacfer would be strengthened. In addition, 
the presence of haem could have major consequences 
for the iron uptake and release processes. These involve 
oxidation and reduction reactions though the nature of 
these is unclear at present 12,121, However, there is a 
major problem with assigning a physiologically signifi- 
cant role to ferritin-bound haem; namely, animal fer- 
ritin as isolated is haem-free. The general view has been 
that it is haem-free because it does not contain haem in 
situ but it may be that haem is lost during isolation. 
Alternatively, haem may be present when the core is 
laid down but lost as the holoferritin ages. In this con- 
text it may be important that the standard methods of 
ferritin isolation employ ultracentrifuge steps that select 
for holoferritin’in preference to apoferritin’[7]. Also, as 
Theil [18] points out, commercially available horse 
spleen ferritin may represent the late stages of iron 
overload. Spleen ferritin from young animals has a 
lower iron content and, in some cases, a different 
subunit composition. Thus, the haem binding 
characteristics of a range of ferritins should be ex- 
plored. These points need investigating. Indications 
that haern may be lost on the storage and isolation of 
ferritin come from several sources. The haem content 
of Pseudomonas bacfer as isolated is variable at 5-9 
haems per 24 subunits [5], even though the protein can 
accomodate 24 haems per 24 subunits [6], and Sac- 
&aromyce,s cerevisiae ferritin is reported to contain 
haem when purified by a centrifugatio~ and chrorn- 
atographic procedure, but to be haem-free when 
isolated using an ammonium sulphate precipitation step 
and heat treatment o denature contaminating proteins 
[19]. This latter procedure is widely used to isolate fer- 
ritin and bacfer. 
Acknowld&=?ments: We hank the Wellcome Trust for supporting 
our work on ferritin and bacterioferritin, and the Science and 
Engineering Research Council for their support of the UEA 
Metallobiology Unit via the SERC Molecular Recognition Initiative. 
We also thank Dr A. Treffry (Sheffieidf for critically reading the 
manuscript and for her helpful comments on the experimental 
method for characterising haem binding to ferritin. 
REFERENCES 
Ford, G.C., Harrison, P.M., Rice, D.W., Smith, J.M.A., Tref- 
fry, A., White, J.L. and Yariv, J. (1984) Phil. Trans. R. Sot. 
Lund. 304, 551. 
Harrisan, P.M., Artymiuk, P.J., Ford, G.C., Lawson, D.M., 
Smith, J.M.A., Treffry, A, and White, J.L. (1989) in: 
Biomineralisation (Mann, S., Webb, J. and Williams, R.J.P. 
eds) pp. 257-294, VCH, W&ham. 
Stiefel. E.I. and Watt. G.D. (19791 Nature 279. 81% 
S&h, J&LA., Quirk, A.V.; Plank, R.W.H.: Riffin, F.M., 
Ford. G.C. and Harrison. P.M. <I9883 Biochem. J. 255. 737 
Moore, G.R., Mann, S. &rd Bannister, J.V. (1986) J..Jnorg, 
Biochem, 28, 329. 
Kadir, F.H.A. and Moore, G.R. (1990) FEBS Lett. 271, 
141-143. 
Halliday, J.W. (1982) Methods Enzymoi. 84, 148. 
Lowry, G.H., Rosebrough, NJ., Farr, A.L. and Randall, R.J. 
(1951) f. Bioi. Chem. 193, 265. 
f9f Smith, D.R. and Williams, R.J.P. (1970) Struct. Bonding 7, 1, 
83 
Volume 276, number 1,2 FEBS LETTERS December 1990 
IlO] Cheesman, MR., Thomson, A.J., Greenwood, C., Moore, 
G.R. and Kadir, F.H.A. (1990) Nature 346, 771. 
[I l] Arosio, P., Adeiman, T.G., Drysdale, J.W. and Drysdale (1978) 
J. Biol. Chem. 253, 4451. 
[12] Theil, E.C. (1987) Annu. Rev. Biochem. 56, 289. 
[13] Bearden, A.J., Morgan, W.T. and Muller-Eberhard, U. (1974) 
Biochem. Biophys. Res. Commun. 61, 265. 
[14] Beaven, C.H., Chen, S.-H., D’Albis, A. and Gratzer, W.B. 
(1974) Eur. J. Biochem. 41, 539. 
[15] Muller-Eberhard, U (1970) New Engl. J. Med. 283, 1090. 
[16] Smith, A. and Morgan, W.T. (1985) J. Biol. Chem. 260, 8325. 
[17] Pasternak, R.F., Gibbs, E.J., Mauk, A.G., Reid, L.S., Wong, 
N.M., Kurokawa, K., Hashim, M. and Muller-Eberhard, U. 
(1985) Biochemistry 24, 5443. 
[18] Theil, E.C. (1990) Adv. Enzymol. 63, 421. 
[19] Ragussi, F., Lesuisse, E. and Crichton, R.R. (1988) FEBS Lett. 
231, 253. 
Note added in proof 
Since submission of the manuscript we have investigated the binding of ferrihaem chloride to 0.4 pM horse spleen apoferritin in an analogous 
manner to that described in the paper for solutions of 6.25 pM ferritin, and observed the same haemiprotein stoichiometry of 16 haems per 24 
subunits reported above. Similarly, with 0.4 FM Pseudomonas aeruginosa bacterioferritin the stoichiometry is 24 haems per 24 subunits as 
previously reported by us (FEBS Lett. (1990) 271, 141-143). 
